We report on what is, to our knowledge, the first experimental observation of spatial soliton interaction with charged conductive microelectrodes in nematic liquid crystals. We show that solitons can undergo voltage-controlled deflection and reflection with a nematicon steering larger than 100°over distances of a few micrometers. Using bias-defined perturbations, we observe reconfigurable soliton geometries with several reflections. [16] [17] [18] [19] [20] . The latter approach appears promising for applications in the systems with a feedback. The most striking results in terms of angular steering of nematicons in voltage-addressing configurations are steering by up to 40°in geometries with voltage biases across the cell thickness [21] and up to 55°for in-plane steering with interdigitated electrodes [20] . Importantly, all previously employed configurations for voltage-driven steering of spatial solitons were demonstrated using electrically conducting boundaries of the planar cells. However, an all-optical control of spatial solitons is highly desirable in order to optimize the routing/steering process using localized interfaces, to achieve high levels of parallelism and realize flexible multiplexing configurations with sharp bends.
Spatial optical solitons have been studied extensively in a large variety of nonlinear media [1] . They have a significant potential for all-optical switching, signal processing, and readdressing in the next generation of all-optical circuits. In this context, the giant optical nonlinearity arising from molecular reorientation in nematic liquid crystals (NLCs) has attracted significant attention [2] ; it allows production of spatial optical solitons, also called nematicons, at relatively low optical powers [3] .
One of the remarkable features of nematicons is their ability to steer and/or bend transmitted signals, realizing a completely reconfigurable scheme for spatial demultiplexing. Efficient angular steering of nematicons can be achieved by interaction with external beams [4] [5] [6] , additional solitons [7] [8] [9] [10] , cell boundaries [11, 12] , dielectric surfaces [13, 14] , disclination lines [15] , and applied voltage [16] [17] [18] [19] [20] . The latter approach appears promising for applications in the systems with a feedback. The most striking results in terms of angular steering of nematicons in voltage-addressing configurations are steering by up to 40°in geometries with voltage biases across the cell thickness [21] and up to 55°for in-plane steering with interdigitated electrodes [20] . Importantly, all previously employed configurations for voltage-driven steering of spatial solitons were demonstrated using electrically conducting boundaries of the planar cells. However, an all-optical control of spatial solitons is highly desirable in order to optimize the routing/steering process using localized interfaces, to achieve high levels of parallelism and realize flexible multiplexing configurations with sharp bends.
In this Letter, we report on the first known experimental study of the interaction of spatial optical solitons with localized bias-defined perturbations in NLCs. We show how nematicons can be steered by applying direct voltage with specially prepared cylindrical microelectrodes, creating an unprecedented deflection and reflection. We also demonstrate voltage-driven multiple reflections.
In the experiments, we use a planar NLC cell, sketched in Fig. 1 with two parallel polycarbonate plates 50 μm apart. The inner surfaces of the plates are rubbed to align the NLC director at 45°with respect to the z axis, to induce the desired alignment of the molecules for the excitation of a nematicon [ Fig. 1(a) ]. An additional glass slide with rubbing in the y horizontal direction is sealed on the entrance for preventing depolarization and meniscus effects. To induce localized voltagecontrolled interfaces, microholes are drilled in the top and bottom polycarbonate plates and silver microwire electrodes 300 μm in diameter are injected through them into the NLC layer. Once assembled, the cell is filled with the NLC 6CHBT, with birefringence of Δϵ ≈ 0.16 at the employed wavelength λ 671 nm. A bias is applied to the electrodes using a tunable voltage supply.
As sketched in Fig. 1 , a linearly y-polarized beam with wave vector parallel to the z axis is launched into the cell to achieve maximum coupling to an extraordinary wave within the NLC. We set input power P 13 mW and input waist w 0 ≈ 4 μm; these parameters ensure the formation of a stable nematicon. In all our experiments we keep the input beam power constant while varying the direct voltage V . The beam propagation is monitored with a microscope and a high-resolution camera acquiring the outscattered light in the observation plane yz. Figure 2 shows the experimental results for the nematicon propagating near the electrode. The distance between positive and negative electrodes is Δy ≈ 940 μm. For 0 ≥ VV ≥ 4, the extraordinary beam propagates at the birefringent walk-off δ ≈ 5.4°with respect to z due to the initial orientation of an NLC in the planar cell [ Fig. 2(a) ]. In sharp contrast, as the voltage increases above 4 V, the nematicon trajectory bends, and it deflects from the electrode surface to higher angles α [see Fig. 2(b) ], for example, up to α ≈ 20°for V 24 V [ Fig. 2(c) ]. Finally, for high biases V ≥ 26 V, reorientation begins to saturate and diffraction occurs due to the substantially reduced nonlinear response [ Fig. 2(d) ].
To better understand this phenomenon, we consider the molecular reorientation of the NLC in the presence of the localized voltage-driven interfaces [Figs. 1(b) and 1(c)]. As is well known, when a voltage is applied between two electrodes the electric field tends to shift from the positive to the negative one [the electrodes sketched as red and blue cylinders, respectively, in Figs. 1(b) and 1(c)] , and the electric field near electrodes becomes orthogonal to its surface. Liquid crystal molecules tend to align with the resulting electric field, ensuring the homeotropic (perpendicular) alignment of molecules near the metal/NLC interface [Figs. 1(b) and 1(c)]. Our recent numerical results showed that the homeotropic anchoring of NLC molecules near localized curved surfaces leads to the formation of regions with decreased refractive index that repel nematicons (see Figs. 7(b) and 7(d) in Ref. [14] ), supporting the results in Fig. 2 . In addition, the repulsive effect of boundaries was studied in Refs. [11, 12] . Conversely, the planar alignment near the curved surfaces is determined by an increasing refractive index and the nematicon is attracted to these interfaces. Such planar anchoring was ensured experimentally by induced bias-free curved surfaces, such as glass particles and microbubbles [13, 14] .
Next, we investigated the walk-off role of nematicons propagating between two conductive electrodes for three different distances d at V 18 V (see Fig. 3 ). The dashed straight lines correspond to the trajectory of the unperturbed soliton for V 0. By increasing voltage, the effective repulsive potential moves the beam away from the interfaces with different angle values for nematicons approaching the electrode from below and above [ Figs. 3(a) and 3(c) ]. This asymmetry in nematicon deflection relates to the presence of birefringent walk-off in the uniaxial medium. When a nematicon approaches from below, the walk-off makes the soliton propagation at smaller angles, up to ≈10°[ Fig. 3(a) ]. In the case when a nematicon propagates between two electrodes [as shown in Fig. 3(b) ], its trajectory propagates almost parallel to the z axis due to the repulsive effect of the two electrodes. Conversely, if a nematicon approaches from above, the refractive steering and walk-off angle increase the beam deviation, to almost 16°at V 18 V [ Fig. 3(c) ]. Figure 4 shows the dependence of the measured angular deviation of nematicon α versus the applied voltage for various d.
When a nematicon strikes the interface, its trajectory undergoes reflection (see also Refs. [13, 14, 20] ) with a remarkable angle of ≈100°[ Fig. 5(a) ]. The reflected nematicon forms a trapped surface wave, which then escapes after traveling around the electrode for some distance [Figs. 5(b) and 5(c)]. In Fig. 5(e) we present the experimental data of nematicon trajectories that experience reflection corresponding to different V . We stress that the reflection angle also depends on the applied voltage due to the repulsive interaction with the surface [Figs.
Such voltage-driven reflection allows us to build new geometries of nematicon trajectories with several reflections. For instance, we achieve a double refraction of a nematicon upon interaction with two closely spaced bias-defined localized metal surfaces, as displayed in Fig. 6 . In this case, the obtained overall angular deflection ≈180°is the largest ever observed for nematicons in a tunable geometry.
In conclusion, we have demonstrated efficient voltage-controlled readdressing of nematicons due to the interaction with microwire electrodes in NLCs. We have showed experimentally that the refraction and reflection of a nematicon are ensured by a decreased refractive index near electrodes, and its trajectory can be efficiently maintained in the cell while preserving self-confinement and polarization. We also found that the deflection depends on a walk-off. Moreover, we have realized the voltage-controlled configurations with sharp bends by nematicon interaction with two voltage-defined localized metal surfaces. These results can find applications in the design and realization of reconfigurable alloptical networks. 
